, and 2.4(1), respectively. In addition to the reversibility of water addition, this system is capable of activating water towards net O-atom transfer to substrates such as aromatic C-H bonds and phosphines. This reactivity is facilitated by the ability of the dihydrazonopyrrole ligand to accept H-atoms and illustrates the utility of metal ligand cooperation in activating O-H bonds with high bond dissociation energies.
Introduction
Water is an attractive reagent for chemical transformations due to its ubiquity, low cost, and low toxicity. Indeed, many syntheses use water as a key feedstock, reagent, or solvent. Selected examples include the water-gas shi reaction for industrial H 2 production, aldehyde-water shi reactions for H 2 and carboxylic acid production, hydration reactions for functionalization of unsaturated organics, and water splitting for O 2 and H 2 generation.
1 The cleavage of the O-H bonds in water is typically a central feature of these reactions. While the transfer of protons to or from water or alcohols is a relatively facile process, 2 the homolytic activation of water to generate H-atom or O-atom equivalents is substantially more challenging due to the high bond dissociation energies (BDEs) of O-H bonds as compared to organic substrates (119 kcal mol À1 for water).
3
Oxidative addition is a powerful tool for net homolytic activation of chemical bonds in homogeneous systems; however, examples of O-H bond oxidative addition are uncommon due largely to the unfavorable thermodynamics mentioned above.
4
This challenge motivates studies aimed at the mild activation of water in a homolytic fashion.
As a potential strategy to address this issue, there have recently been numerous reports demonstrating that transition metal coordination can promote the homolysis of N-H or O-H bonds.
5 For example, the BDE of water can be lowered by >50 kcal mol À1 when ligated to centers such as Ti(III) or [Ga 2 -Mg 2 O 5 c] + . 6 We have been interested in integrating both redox non-innocence and pendant proton relays into ligand scaffolds.
7 This approach should be kinetically advantageous for the homolytic activation of E-H bonds as the H-atom abstracting agent is chelated to the transition metal. Storage of an H-atom on the ligand periphery also provides an attractive strategy for the mild and reversible homolytic activation of water by substituting a comparatively weak M-H bond with a ligand-H bond that may be closer in strength to an O-H bond. There have been several well-dened examples where redox-activity and ligand-based protonation sites have been combined in a single scaffold, 8 but this strategy has been under-utilized for the activation of O-H bonds.
We recently reported that complexes of Ni bound by the dihydrazonopyrrole Tol,Ph DHPyH 3 (1, Tol,Ph DHPyH 3 ¼ 2,5-bis((2-phenylhydrazono)(p-tolyl)methyl)-pyrrole) can reversibly store H-atom equivalents at a pendant ligand site. 7a We rationalized that this system would be attractive for the activation of E-H bonds, and those in water in particular. While some Ni complexes have been shown to activate water, 9 the ability of the dihydrazonopyrrole ligand to accept H-atom equivalents should enable a low-energy and hence reversible homolytic process. Herein we report the synthesis and characterization of a Tshaped Ni(II) complex and its reversible activation of water.
Kinetic, structural, and computational analysis supports a bimolecular activation mechanism with movement of both protons and electrons via net H-atom transfer. The resulting activated complex shows unusual reactivity with O-atom acceptors including C-H bonds and phosphines.
Results and discussion

Synthesis of T-shaped nickel complexes
The synthesis of [ Tol,Ph DHPyH]Ni(Py) (2-Py; Py ¼ pyridine, Scheme 1) was carried out in an analogous manner to our previously reported procedure for preparing [ Tol,Ph DHPyH] Ni(PMe 3 ) (2-PMe 3 ) by sequential deprotonation and metalation of the pre-ligand 1. 7a The formation of 2-Py was conrmed by 1 H NMR spectroscopy which shows two sets of resonances assigned to the pyrrole backbone and two sets of resonances assigned to the p-tolyl functional group arising from asymmetric ligand binding (Fig. S1 †) . In addition, a resonance located at 5.17 ppm is assigned to the NH functional group. This NH functionality is also conrmed by a peak at 3343 cm À1 in the infrared (IR) spectrum of 2-Py (Fig. S19 †) . The dihydrazonopyrrole ligand in 2-Py coordinates to the Ni center with one pyrrole nitrogen, one a hydrazone nitrogen, and one b hydrazone nitrogen, resulting in one ve-and one six-membered chelate ring as determined by single crystal X-ray diffraction (SXRD, Fig. 1 Fig. S28 and 29 †) , which is again similar to 3-PMe 3 and supports the assignment of ligand-based radical character in 3-Py. The formation of 3-Py has also been conrmed by SXRD (Fig. 1 , Table 1 ). The metrical parameters of both 2-Py and 3-Py are comparable to the previously reported phosphine ligated congeners and furthermore support the ability of this system to store H-atom equivalents via a combination of pendant protonation sites and redox activity. We also probed whether the pyridine ligated system would support other ligand based redox events. When 3-Py was reduced by Cp* 2 Co (Cp* ¼ pentamethylcyclopentadienyl; Scheme 1), the color of the reaction mixture immediately changed from deep green to deep red, which is similar to the color of of 5 shows ve paramagnetic resonances ranging from 12 to 2 ppm (Fig. S4 †) . Unlike 3-Py, the EPR spectrum of 5 displays a signal at g ¼ 2.15 ( Fig. S30 -32 †), which suggests that 5 is an S ¼ 1/2 system but is not a simple ligand centered radical. The electronic structure of 5 was further claried by DFT calculations, which suggest that 5 has an S ¼ 1 Ni(II) center antiferromagnetically coupled with a ligand-based
resulting in an overall S ¼ 1/2 complex with a radical feature shied from g ¼ 2 in its EPR spectrum.
11 Therefore complex 5 is best thought of as a ligand radical coupled to a high-spin Ni(II) center where the oxidation of 4 has occurred on the ligand.
In both 4 and 5, the N-Ni-N angles are $170 , 95 and 95
indicating nearly perfect T-shaped structures for these complexes (Table 1 ). The observed geometry of 4 and 5 is likely due to the sterics imposed by the six-membered chelate rings in the planar conjugated Tol,Ph DHPy ligand but may also arise from more subtle electronic effects. Our previous studies on 3-PMe 3 and the CV of 5 ( 
Water activation
The open coordination site at the Ni center of 4 and 5 provides a unique opportunity to study the reactivity of this system towards small molecule activation. The ionic character and packing of 4 leads to low solubility in common organic solvents. We therefore have focused our initial efforts on the more soluble complex 5. We have observed that complex 5 reacts cleanly with excess water at room temperature resulting in a new purple hydroxide-bridged dimeric complex [ Tol,Ph DHPy]
Ph DHPyH] (6; Scheme 2 top) within 30 minutes.
The dimeric structure of 6 in solid and solution states was conrmed by SXRD and NMR spectroscopy, respectively. The crystal structure of 6 (Fig. 2 , Table 2 ) shows a dimeric structure with two Ni centers bridged by a hydroxide anion and differing coordination modes for each Tol,Ph DHPy ligand. The
Ni-O bond lengths are 1.923(4) and 1.891(3)Å and the Ni-O-Ni bond angle is 135.7 (2) . For the purposes of clarity, we will discuss this dimer in terms of its two halves (Scheme 2). One of the Tol,Ph DHPy ligands binds in an asymmetric manner. We [ox] ) and reduced (6 [red] ) halves of the dimer. Fig. 2 Crystal structure of 6. Ellipsoids are shown at 50% except for aryl rings which are shown in wireframe. Hydrogen atoms bound to C have been omitted for clarity, and only one of the two molecules in the asymmetric unit is shown. The dashed line indicates a hydrogen bonding interaction. C atoms shown in gray, N in blue, and Ni in green. See Table 2 It is unlikely that the reaction proceeds with this exact mechanism (see below), but this formal accounting of atoms and electrons illustrates the net homolytic cleavage of water that occurs upon formation of 6. The metrical parameters in 6 lend support to the assigned oxidation state of the two halves. In 6 [ox] , the average lengths of the N-N bonds and the C25-C26 bond are 1.306 and 1.342Å, respectively ( 14,15 we therefore assign it to the bridging hydroxide functional group in 6. When 6 is generated with D 2 O both of these signals disappear suggesting that the NH and OH functional groups in 6 are transferred from water molecules (Fig. S5 †) . In addition, the presence of the NH and OH functional group were further conrmed by IR spectroscopy (NH/D: 3321/2460; OH/D: 3594/2651 cm À1 , Fig. S23 †) . Finally, the NOESY spectrum of 6 shows a cross peak correlation between the NH and OH signals suggesting that the dimeric structure of 6 is maintained in solution (Fig. S7 †) . The methyl proton resonances of the p-tolyl groups in the aliphatic region show an integral ratio of 3 : 6 : 3 which also supports this assignment.
Mechanism of water activation
The unusual activation of water to form 6 prompted us to examine this reaction in greater detail. Complexes 2-Py, 3-Py, 5, and 6 all have different colors and UV-vis spectra (see Fig. S24 -S27 †). The distinct difference in absorbance features between 5 and 6 provides a useful tool to examine the activation of H 2 O. We initially note that puried complex 6 is not stable in THF solution; the purple color of 6 turns to a dark blue reminiscent of solutions of 5 within 30 minutes at room temperature. We propose that this color change is due to competitive THF binding and reversal of the water activation process. When water is added to a solution of 5 a color change is observed with new absorption bands located at 594 and 644 nm. Both of these features are very similar to the absorption spectra of 3-Py (592 and 650 nm, Fig. S25 †) and previously reported 3-PMe 3 (585 and 645 nm). 7a We hypothesized that a water molecule may occupy the open coordination site in 5 resulting in a water adduct (3-H 2 O, Scheme 3). The tentative assignment of 3-H 2 O as an intermediate species is supported by EPR spectroscopy where the addition of water to 5 results in the loss of the signal at g ¼ 2.15 and the appearance of a new signal at g ¼ 2.01 (Fig. S33 †) . This shi is consistent with the shi observed upon binding of pyridine to form 3-Py and supports a similar water bound adduct. The EPR features of 3-H 2 O suggest that it has a low-spin Ni(II) center coordinated by a radical ligand analogous to 3-Py.
1 H NMR spectroscopy further supports this tentative assignment of 3-H 2 O as a new paramagnetic feature similar to that observed for 3-Py is observed when 5 is mixed with excess water (Fig. S5 †) . To avoid complications from equilibria or competitive ligand binding we performed kinetic studies by examining the initial rates of formation of 6 (Fig. 3, Table S4 †). We undertook these studies by reacting 5 with excess water in THF and then monitoring the reaction for 15-20 minutes by UV-vis spectroscopy (Fig. 3) . By conducting kinetic studies at varied concentration and temperature, we have determined that the formation of 6 is second-order in [Ni] as the substrate reveals a kinetic isotopic effect (KIE) of k H /k D ¼ 2.4(1). The second-order kinetics and negative value of the entropy of activation demonstrate that the water activation step is a bimolecular process.
In addition to the experimental approaches mentioned above, DFT calculations were used to further understand the details of the water activation promoted by 5 to generate 6 (Scheme 3). The DFT calculations reveal that generation of the water adduct 3-H 2 O from 5 and water is energetically downhill (À1.2 kcal mol À1 ) suggesting water coordination is the rst step of the reaction. This step is also consistent with our observations by UV-vis, EPR, and 1 H NMR spectroscopy. The calculated spin density of 3-H 2 O further supports our assignment that 3-H 2 O has a low-spin Ni(II) center coordinated by a radical ligand also as suggested by EPR spectroscopy. Subsequent to water coordination, the net formation of 6 from two molecules of 3-H 2 O is also energetically favorable (À0.8 kcal mol À1 ). The small energy difference between 3-H 2 O and 6 suggests that the water activation might be reversible which is also consistent with our experimental observations. Concerted formation of 6 from two equivalents of 3-H 2 O seems unlikely so we also have used DFT calculations to examine the feasibility of other reaction intermediates (Scheme 3 Subsequent dimerization with loss of water to form 6 is then only 2.0 kcal mol À1 downhill which suggests that fragmentation of 6 in the presence of excess water or another ancillary ligand is energetically reasonable. The low energies of these proposed intermediates are consistent with the reversibility of this process in the presence of additional ligands or coordinating solvents.
Scheme 3 Proposed mechanism of water activation by 5 and calculated reaction free energies (kcal mol
À1
) of different activation pathways. Note that Ar is the same for all complexes as shown for 3-H 2 O. The exact transition state for the formation of 6 is currently unknown. We have attempted to locate transition state structures computationally but have thus far been unsuccessful (Fig. S44 †) . Experimentally, the reaction is 2 nd order in [Ni] and displays a negative entropy of activation. Both of these facts strongly support a bimolecular transition state. The KIE value of 2.4(1) also suggests that the transfer of hydrogen is involved in the transition state. The magnitude of the KIE is consistent with a PCET process, however, it is difficult to denitively interpret the KIE as tunneling character and proton transfer distance can dramatically impact the magnitude of this value.
16 DFT calculations also support a bimolecular homolytic process as more classic proton transfer or oxidative addition intermediates are calculated to be high in energy. The net products of homolytic activation are very low in energy (1.2 kcal mol À1 ) and are likely in equilibrium with 6. Regardless, all of the experimental and computational data supports a bimolecular transition state involving hydrogen transfer in the rate determining step. What these combined studies suggest is that the activation of water by 5 may best be described as a homolytic process wherein both proton and electron transfer is required for facile reactivity.
Reactivity of 6
We have also examined the reactivity of this unusual complex with several different reagents (Scheme 4). We observe a color change from purple to green when complex 6 is treated with pyridine. The generation of water and 3-Py as the major Nicontaining product were supported by 1 H NMR (Fig. S12 †) .
The formation of 3-Py with concomitant extrusion of water shows that the water activation reaction to form 6 is reversible. When 6 is reacted with trimethylphosphine (PMe 3 ), a similar reaction is observed where 6 is converted into 3-PMe 3 . We also noted, however, the formation of 2-PMe 3 and OPMe 3 although the yields of these species were small and variable . This reaction suggests that complex 5 can formally homolytically split water into H-atom and O-atom equivalents. The H-atom equivalents are trapped by the Tol,Ph DHPy ligand and the O-atom equivalents can be trapped by phosphines. We postulated that the variable amounts of H-and O-atom transfer when using PMe 3 as an O-atom acceptor are due to competitive formation of 3-PMe 3 arising from the strong donor properties and small size of PMe 3 . We therefore investigated triphenylphosphine (PPh 3 ) as an O-atom acceptor which would be less likely to coordinate to the Ni center. The reaction of 6 and PPh 3 was sluggish at room temperature and was therefore carried out at higher temperature. When 6 and PPh 3 were heated to 85 C in toluene overnight, $0.4 equivalents of PPh 3 were oxidized to OPPh 3 as observed by 31 P NMR (Fig. S18 †) . The source of the O in the OPPh 3 product was conrmed as water by mass spectrometry of the reaction mixture of PPh 3 and 6 generated from H 2 18 O (Fig. S36 †) . The 1 H NMR spectrum of the crude reaction mixture shows the formation of multiple species resulting from the decomposition of 6, from which the previously reported C-H activated product 7 and ([ Tol,Ph DHPyH]Ni) 2 (8, Scheme 4) were identied as two major species (Fig. S15 and S17 †). 7a While we have not been able to generate 8 in bulk, the identity of this complex was conrmed by SXRD and 1 H NMR analysis on a small amount of crystalline material isolated from this reaction mixture (Fig. 4, Fig. S9 †) . Complex 8 is also observed when 5 is reacted with H 2 at 85 C in C 6 D 6 (Fig. S10 †) . A general mechanistic scheme that explains this observed reactivity is shown in Scheme 5. An equilibrium between 6 and 3-H 2 O/3-L is likely. Simple ligand substitution of 3-H 2 O with L would then result in the observed products 3-L (for L ¼ PMe 3 and Py). Alternatively, 6 may react to transfer its O-atom. This Oatom equivalent may be transferred to a suitable substrate such as a phosphine. In the absence of a substrate, or with a less electron rich substrate, C-H activation on the ligand to form 7 is competitive. We anticipate that this ligand activation process is sluggish, and only occurs under forcing conditions. Formal O- Fig. 4 Crystal structure of 8. Note that the dimeric structure is shown although the asymmetric unit only contains one Ni center. Ellipsoids are shown at 50% except for aryl rings which are shown in wireframe. Hydrogen atoms bound to C have been omitted for clarity. Dashed lines indicate a hydrogen bonding interaction. C atoms shown in gray, N in blue, and Ni in green. Selected bond distances (Å) and angles ( ) (* indicates a bond to the symmetric equivalent): 8. This simple mechanistic scheme illustrates that the equilibrium of 6 sets up two competing reaction pathways, either ligand exchange or oxidation. The relative preference for each of these pathways will then depend on the properties of the added ligand, specically its ability to bind or be oxidized. Relatively weakly reducing ligands, such as pyridine, will favor binding and displacement of water. Strongly binding and reducing ligands such as PMe 3 will lead to both oxidation and water displacement to form a mixture of OPMe 3 , 2-PMe 3 , and 3-PMe 3 . Bulky ligands like PPh 3 which are unlikely to bind due to steric constraints will only be oxidized. However, this oxidation is slow and C-H activation is competitive, resulting in the observation of OPPh 3 , 7, and 8. Heating in the absence of substrate can only result in C-H activation to form 7 and 8. This simple mechanistic picture is consistent with the observed product selectivity and explains the reactivity of 6. These reactivity studies establish three important points. Firstly, the activation of water by 5 is reversible with the addition of exogenous ligands. Secondly, complex 5 is capable of net H-atom abstraction from water. Finally, the O-atom equivalent generated from this net H-atom transfer is competent to oxidize substrates such as phosphines and C-H bonds.
Conclusions
Dihydrazonopyrrole complexes of Ni can support reversible ligand-based storage of H-atoms. The reactivity of this system, however, was previously limited by coordinative saturation at the metal center. In this report, we have shown that we can isolate unusual T-shaped dihydrazonopyrrole Ni complexes. The open coordination site of these species enables a rare reversible activation of water via metal ligand cooperation. All of the evidence supports that this activation process is homolytic with the net reaction being a H-atom transfer from water to the dihydrazonopyrrole ligand. The resulting hydroxyl radical equivalent is formally reduced to hydroxide by the second Ni complex. This activation is notable due to the high BDE of the O-H bonds in water and illustrates the utility of metal ligand cooperativity in mediating thermodynamically challenging bond activations. Furthermore, the reactivity of the activated complex indicates that a classically benign reagent, water, can be activated to mediate phosphine or C-H oxidations. The reactivity reported here motivates studies aimed at related, potentially catalytic, transformations.
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